During decades, in semiarid agroecosystems of the Ebro valley, intensive soil tillage and low crop residue input has led to a loss of soil structure. Conservation tillage and cropping intensification can improve soil structure in these areas. The objective of this study was to determine the influence of three different tillage systems (conventional tillage, CT; reduced tillage, RT; and no-tillage, NT) under two cropping systems (barley-fallow rotation, CF; and continuous barley, CC) on soil aggregation dynamics during two consecutive growing seasons (2003-2004 and 2004-2005). At the same time, the role that different soil and climatic factors play on soil aggregation in these semiarid areas was studied. Soil samples were collected at the soil surface (0-5 cm depth) from a long-term tillage experiment with a loamy soil (Xerollic Calciorthid). Two aggregation indexes were studied: dry aggregate size distribution and water aggregate stability from both air-dried and field-moist macroaggregates. A decrease in tillage intensity resulted in a higher mean size of dry aggregates and a greater water aggregate stability in both cropping systems particularly under NT. During the whole experiment, the dry aggregate size distribution (measured as the mean weight diameter, MWD) and the water stability of field-moist and air-dried soil aggregates (WAS AD and WAS FM , respectively) were greater under NT than under RT and CT due to a higher soil organic matter content under NT.
Introduction
In agroecosystems, soil aggregation influences a large number of physical and biogeochemical processes such as soil organic matter (SOM) protection, root density and elongation, soil erosion, oxygen diffusion, soil water retention and dynamics, nutrient adsorption and microbial community structure ( [Amézketa, 1999] and [Six et al., 2004] ). In Mediterranean Ebro valley, where water is the most limiting factor affecting crop production (Angás et al., 2006) , there is a high potential risk of land degradation. Consequently, in Mediterranean agroecosystems soil aggregation plays an important role in the maintenance of soil quality and, thus, crop productivity.
Soil tillage and, particularly, mouldboard ploughing, accelerates SOM decomposition ( [Bruce et al., 1999] and [Paustian et al., 2000] ) and decreases dry soil aggregation ([Yang and Wander, 1998 ] and [Mrabet et al., 2001] ) and aggregate stability to water immersion ( [Singh et al., 1994] and [Hernanz et al., 2002] ). Tillage has a direct effect on soil structure through the mechanical breakage of large clods and macroaggregates. At the same time, the surface of tilled soils is more exposed to the action of climatic factors and, especially, to water and wind erosion processes ( [Balesdent et al., 2000] and [López et al., 2000] ). Also, tillage has an indirect effect on soil structure due to its influence on SOM. The relationship between SOM and soil structure has been widely studied in the literature ( [Tisdall and Oades, 1982] , [Puget et al., 1995] and [Six et al., 2002] ). Organic matter acts as a binding agent for aggregate formation ( [Amézketa, 1999] and [Bronick and Lal, 2005] ). Tisdall and Oades (1982) classified organic binging agents as a function of their persistence and relation with soil aggregates in three groups: transient (e.g., polysaccharides), temporary (e.g., roots and hyphae) and persistent (e.g., aromatic humic material). Oades (1984) suggested that soil macroaggregate stability to water immersion is related with organic materials (e.g. roots, hyphae, worm casts …).
The type of cropping system also influences soil aggregation. Several authors, studying the effect of different cropping systems on aggregation, have observed significant positive relationship between aggregate stability and C inputs ( [Shaver et al., 2002] and [Kong et al., 2005] ). The inclusion of fallowing in the rotation has an adverse effect on soil aggregation due to the lack of C inputs. However, under Mediterranean semiarid conditions, changes induced by cropping systems are expected to be low due to the limited C inputs under these conditions (Masri and Ryan, 2006) .
Temporal changes in soil aggregation during crop growth have been studied by several authors. Perfect et al. (1990) studying the effect of different factors on water aggregate stability (WAS) during a cropping season, concluded that the gravimetric soil water content at sampling was the soil factor that mostly influenced WAS. Similar findings were reported by Angers (1992) and Chan et al. (1994) . However, these authors did not find any relationship between WAS during the season and total soil organic carbon (SOC) (Chan et al., 1994) and microbial biomass (Perfect et al., 1990) .
In studies on the temporal variation on soil aggregation, WAS analyses have been made on air-dried aggregates (Yang and Wander, 1998) , field-moist aggregates ( [Perfect et al., 1990] and [Angers, 1992] ) and both air-dried and field-moist aggregates (Chan et al., 1994) . The study of the temporal variations on WAS with field-moist aggregates gives a realistic approach of the influence of the aggregate water content on WAS. However, air-dried aggregates for WAS analyses give an interesting indication of the susceptibility of the aggregates to slaking (Haynes and Swift, 1990) . In semiarid Mediterranean conditions, where low soil water content together with erratic rainfall events are two main characteristics, it is worth using air-dried and field-moist aggregates for the study of temporal variations of WAS because air-dried aggregates inform about the potential resistance of aggregates to rapid wetting due to an intensive rainfall after a drought period.
In semiarid agroecosystems of the Ebro river valley, the cereal-fallow rotation together with intensive soil tillage, including mouldboard ploughing, are widespread agricultural management practices. In these agroecosystems, crop yield is limited by the continuous use of these practices during decades and the low and erratic rainfall ( [López et al., 1996] , [Lampurlanés et al., 2002] and [Moret et al., 2006] ). Moreover, these practices and limited biomass production have led to low SOM contents (Álvaro-Fuentes et al., 2008) and weak soil structure thus negatively affecting soil quality. Therefore, in these agroecosystems, it is necessary a shift from traditional agriculture towards a more conservative agriculture with lower soil tillage intensity and with the suppression of long-fallowing.
Several studies have been carried out in semiarid Mediterranean agroecosystems to study the effects of conservation tillage, especially no-tillage (NT), and cropping systems intensification on soil aggregation ( [López et al., 2000] , [Mrabet et al., 2001] , [Hernanz et al., 2002] and [Masri and Ryan, 2006] ). However, in these studies no attempts were made to study the temporal changes of soil aggregation during the crop growth.
The objectives of this study were to (i) evaluate the effect of conservation tillage systems (reduced tillage and no-tillage) and the intensification of cropping systems on dry aggregate distribution and wet aggregate stability, (ii) study temporal changes on soil surface aggregation during the growing season and (iii) to identify the main soil properties contributing to soil aggregation.
Materials and methods

Site, tillage and cropping systems
The study was conducted from Table 1 and precipitation and maximum and minimum temperatures recorded at the experimental site for each year of the study are presented in Table 2 . In the study site, a long-term tillage and cropping systems comparison experiment was established in 1989 with three tillage treatments: conventional tillage (CT), reduced tillage (RT) and no-tillage (NT) under both the traditional cereal-fallow rotation (CF) and the continuous cropping (CC) system with barley (Hordeum vulgare, L.). In both cropping systems, the CT treatment consisted of a pass of mouldboard ploughing to a depth of 30-40 cm. The RT treatment was implemented by chisel ploughing to a depth of 25-30 cm. In both CT and RT, primary tillage was followed by a pass of a sweep cultivator (10-15 cm depth). In the NT treatment no-tillage operations were done and soil was kept free of weeds by spraying a total herbicide (glyphosate). In both cropping systems, mouldboard ploughing in the CT plots was followed by a pass with a tractormounted scrubber as a traditional practice to break down large clods. At the CC system, tillage was implemented every November before barley sowing. However, in the CF rotation, tillage was implemented in March, every two years, during the season in which barley was not sown.
The experiment design was a randomized complete block design with three replicates.
Treatment plot size was 33.5 m × 10 m.
Soil sampling
Soil samples were collected on nine different dates from February 2004 to September 2005.
Sampling dates and related cropping phases are shown in Table 3 . For aggregate analyses, samples were collected with a flat spade from the 0-5 cm soil layer and placed in crushresistant, air-tight containers in order to avoid aggregate breakage during sample transportation to the laboratory. On each sampling date, four composite samples were collected from each plot. Once in the laboratory, two samples were stored at 4 °C and the other two samples were air-dried and stored at room temperature. In September 2005, a composite soil sample was taken from the 0-5 cm layer of each plot to measure the total soil organic carbon (SOC) content. In this case, the soil samples were air-dried, ground and sieved to 2 mm. Extra composite soil samples from each plot were taken from March 2005 to September 2005 for the determination of microbial biomass C. (Youker and McGuiness, 1957 ) was used to express dry aggregate size distribution.
Soil aggregation measurements
( 1) where X i is the mean diameter of the size fraction, and W i is the proportion of total sample weight retained on each sieve.
Dry aggregates between 1 and 2 mm were separated to determine the water aggregate stability (WAS AD ) and soil organic carbon (SOC) for this aggregate size class. The WAS AD was measured using the procedure of Kemper and Rosenau (1986) . Briefly, 4 g of 1-2 mm airdried aggregates were placed on the top of a 0.25 mm sieve and sieved in distilled water during 3 min with a stroke length of 1.3 cm and a frequency of 35 strokes min − 1 . Soil retained on each sieve was transferred to an aluminium pan and dried and weighed. Sand correction was made in all the samples by dispersing the stable aggregates with sodium hexametaphosphate and sieving again through a 0.25 mm sieve.
From the field-moist soil samples, 1-2 mm aggregates were separated with the same procedure described for the MWD determination. The same procedure for the air-dried aggregates was used to measure the water stability of the field-moist aggregates (WAS FM ).
Soil water content, SOC and microbial biomass
The gravimetric soil water content was measured from each sample taken for field-moist WAS measurements, by oven drying a subsample at 105 °C. The total SOC content and the SOC content of the 1-2 mm aggregate size class was measured using the wet oxidation method of Walkley and Black (Nelson and Sommers, 1982) . The microbial biomass C was measured using the chloroform-fumigation and direct extraction method (Vance et al., 1987) .
Daily precipitation and air temperature data were collected over the entire experimental period using an automatic weather station (Campbell Scientific Inc., datalogger CR10) located within the experimental field.
Statistical analyses
Statistical analyses of data were performed using the SAS (SAS Institute, 1990 Dry aggregate size distribution was measured and represented as the mean weight diameter (MWD) of soil aggregates. On average, in the CC system, the greatest mean MWD (2.85 mm) was measured in NT followed by CT with 2.31 mm and RT with 2.20 mm (Table 4 ). In the CF rotation, the greatest mean MWD was also observed under NT (2.97 mm) but, in contrast to the CC system, followed by RT and CT with 2.39 and 2.28, respectively (Table 4) . Similar studies have also observed greater MWD for dry aggregates in NT compared with tilled treatments ( [Unger and Fulton, 1990] , [Singh et al., 1994] , [Yang and Wander, 1998 ] and [Eynard et al., 2004] ). Yang and Wander (1998) concluded that the aggregate size increases with the SOC content. In our study, total SOC was greatest under NT (Table 5 ) and showed a marked degree of correlation with mean MWD (R 2 = 0.400; P < 0.01) (Table 6 ). Furthermore, it was also found a positive linear relationship between MWD and organic carbon content of the 1-2 mm aggregates (Table 6 ). Shaver et al. (2003) , under semiarid conditions, observed that the macroaggregate content was closely related with the organic carbon of the macroaggregates.
Differences in mean MWD among tillage treatments resulted from a different proportion of aggregates among size classes. Thus, the greatest mean MWD value observed in NT was mainly due to a significantly higher proportion of large macroaggregates (> 4 mm and 2-4 mm)
in this treatment compared with CT and RT (Fig. 1) . On the contrary, the proportion of aggregates within the 0.5-0.84 and 0.25-0.5 mm size classes were significantly lower under NT than under CT and RT (Fig. 1) . In addition to mechanical breakage of aggregates by tillage operations, in RT and, especially, in CT, insufficient residue cover on the soil surface does not protect the integrity of soil aggregates against raindrop impact or abrasive winds during erosive episodes ( [Saber and Mrabet, 2002] and [López et al., 2003] ).
A slightly greater mean MWD was measured in the CF rotation compared with the CC system.
Other similar studies under Mediterranean semiarid conditions have also observed lower dry aggregation in cereal monocultures compared with cereal-fallow rotations ( [Mrabet et al., 2001] and [Masri and Ryan, 2006] ).
Water stability of air-dried aggregates (WAS AD )
Slaking defined as the rupture and disintegration of dry aggregates due to a fast wetting at atmospheric pressure (Kemper and Rosenau, 1986) led to a breakage of 1-2 mm aggregates in the three tillage treatments. This effect was especially significant in CT and RT (Table 4 ). In the CC system, the greatest value of the mean WAS AD was measured under NT (43%), followed by RT (21%) and CT (16%) ( Table 4) . Likewise, in the CF rotation, the greatest mean WAS AD was also observed under NT (18%), followed in this case by CT (15%) and RT (12%) ( Table 4) . These results are in agreement with other studies in which a greater water stability was found in aggregates from NT compared with aggregates from other tilled systems ( [Carter, 1992] , [Smettem et al., 1992] , [Cambardella and Elliot, 1993] , [Franzluebbers and Arshad, 1996] , [Six et al., 1998 ] and [Eynard et al., 2004] ). In our study, the greater mean WAS under NT was related with a greater total SOC, microbial biomass C and 1-2 mm aggregate C (Table   5 and Table 6 ). It is well established that SOC increases the water stability of the aggregates ( [Haynes and Swift, 1990] and [Hernanz et al., 2002] ) due to a greater cohesion of soil mineral particles and to an increase of aggregate hydrophobicity .
In relation with the intensification of the cropping system, a greater mean value of WAS AD was observed under the CC system than under the CF rotation (Table 4 ). The suppression of longfallowing led to a greater SOC (Table 5 ) and, therefore, to an increase in the WAS AD . Several studies have observed greater WAS AD when fallow is removed from the cropping system ( [Saber and Mrabet, 2002] and [Shaver et al., 2002] ). The later authors, comparing three notillage cropping systems with different cropping intensity in semiarid Great Plains of the USA, concluded that greater cropping intensification leads to a greater water aggregate stability.
Water aggregate stability of field-moist aggregates (WAS FM )
As observed for the air-dried aggregates, the mean WAS FM was greater under NT than under CT and RT in both cropping systems (Table 4 ). In the CC system, more than 40% of the 1-2 mm aggregates were stables to water immersion, whereas in RT and CT this stability decreased to 21% and 16%, respectively (Table 4 ). In the CF system, 27% of NT field-moist aggregates were stable, whereas in RT and CT the mean WAS FM decreased to 20% and 18%, respectively (Table 4) . Angers et al. (1993) , working with field-moist aggregates from different tillage systems, also found the greatest aggregate stability under NT than under other tilled systems.
Chan et al. (1994) found lower water stability in air-dried aggregates than in field-moist aggregates. They suggested that in field-moist aggregates slaking does not occur, being the aggregate breakdown due to the mechanical disturbance of the sieving action. In our study, in the CC system, the mean values of WAS AD and WAS FM were similar. In the CF rotation, a slightly greater mean water aggregate stability was measured for field-moist aggregates than for air-dried aggregates. We suggest that in plots with high SOC content (e.g., NT in the CC system) differences between WAS FM and WAS AD were minimum since soil mineral particles were strongly bounded and aggregates had a high degree of hydrophobicity (Haynes and Swift, 1990) .
As observed with the WAS AD , the WAS FM had a strong relationship with the total SOC, microbial biomass C and 1-2 mm aggregate C (Table 6 ).
Temporal variation in soil aggregation
Temporal variation of the aggregate mean weight diameter (MWD)
The temporal variation of the MWD is shown in Fig. 2 Wander (1998) , studying variations in MWD over a growing season in a corn-soybean rotation, concluded that temporal variation in dry aggregate size was affected by several interacting factors, such as soil moisture and tillage and cropping practices. In our study, however, the relationship found between soil moisture at the time of sampling and MWD was low and not significant ( Table 6 ). The low relationship found does not imply the effects of rainfall together with tillage on soil surface conditions and thus on MWD. In the Mediterranean semiarid areas, with low residues placed over soil surface soil crusting effects have an especial significance . We hypothesized that soil crusting processes due to rain impact might be more significant under the two tilled treatments (CT and RT) were soil surface kept free of crop residues. Consequently, this crusting processes led to a lower MWD under the CT and RT treatments compared with the NT treatment were greater amount of crop residues were kept on soil surface protecting from soil crusting.
At the same time, plant development, specifically root growth, promotes soil aggregation due to the release of organic compounds in two different ways: by binding soil particles together and by stimulating soil microorganisms activity ( [Angers and Caron, 1998 ] and [Six et al., 2004] ). In our study, more precipitation was (Table 2) . Consequently, MWD peak observed in May 2004 (Fig. 2) might be explained by the greater root development due to the greater crop development.
Temporal variation in water stability of air-dried aggregates (WAS AD )
In the CC system, the greatest WAS AD was observed in May 2005 under the NT treatment and the lowest in February 2005 under CT (Fig. 3) . In the CF rotation, the greatest WAS AD was measured in September 2004 under NT and the lowest in September 2005 under CT.
In both cropping systems, there was measured an increase in WAS AD during the crop growth period (March-May) (Fig. 3) , as it was observed in the MWD. However, during the fallow phase of the CF rotation (December 2004-September 2005), WAS AD kept low and steady.
Crop growth could have increased aggregate stability through the following mechanisms: (a) physical enmeshment of fine particles into stable macroaggregates due to root growth (Amézketa, 1999) ; (b) root release of soluble organic exudates that increased aggregate water stability (Traoré et al., 2000) ; (c) simultaneous stimulation of microbial activity by these root secretions, which promoted the entrapment of soil particles by microbial hyphae (Oades and Waters, 1991) . In our study, microbial biomass appeared to be a main factor affecting water stability of aggregates due to the significant linear relationship (P < 0.001) found between WAS AD and microbial biomass C (Table 6 ).
The lack of root activity during the fallow phase of the CF system, resulted in a loss of water stable aggregates in all the tillage treatments (Fig. 3) . Oades (1984) concluded that fallowing practice was the most harmful management practice for soil structure because the proportion of water stable macroaggregates declines due to the absence of an active root system.
Regarding soil water content at the time of sampling as a soil factor affecting WAS AD , Perfect et al. (1990) concluded that this factor mainly explains the temporal variation in WAS AD . They observed greater WAS AD at low soil water contents. However, other studies have found an opposite trend that is greater WAS AD at high soil moisture contents ( [Angers, 1992] and [Caron et al., 1996] ). In our study, the three WAS AD peaks observed in July 2004 and May 2005 in the CC system and in September 2004 in the CF rotation (Fig. 3) were coincident with the highest values of soil moisture (Fig. 4) . However, when regression analyses between WAS AD and soil moisture were performed for the whole study period a low and a not significant relationship was obtained (Table 6 ). Therefore, in our conditions soil water content at sampling had a low effect on the water stability of air-dried aggregates.
Temporal variation in water stability of field-moist aggregates (WAS FM )
The water stability of field-moist aggregates (WAS FM ) followed a similar trend than that found for the water stability of air-dried aggregates (WAS AD ) and showed high values during crop growth especially under NT (Fig. 5) .
It is worth mentioning that from February 2004 to May 2004 there was a marked increase in WAS FM (Fig. 5) . This increase was, however, more gradual than that observed for air-dried aggregates (Fig. 3) . Different aggregate water content and, consequently, different behaviour against the slaking process (Chan et al., 1994) could explain this difference in water stability between field-moist and air-dried soil aggregates. As it was observed for WAS AD , regression analyses between soil water content at sampling and WAS FM was low and not significant (Table 6 ).
Conclusions
A decrease in tillage intensity improved soil aggregation. Greater soil organic carbon (SOC) content and microbial biomass under no-tillage led to an increase in the mean weight diameter (MWD) and water stability of soil aggregates as compared to reduced tillage (chisel ploughing) and conventional tillage (mouldboard ploughing). During the period of vegetative growth of barley crop under continuous cropping and crop-fallow rotation aggregate stability increased due to the effect of root development and soil microorganism activity in the formation and stabilization of soil aggregates. Long-fallowing in the barley-fallow rotation led to a decrease in the water stability of soil aggregates although the aggregate size was not affected. Lower SOC content and microbial activity reduced the amount of stable aggregates in that rotation.
Soils in the semiarid Mediterranean agroecosystems are characterized by a low soil organic matter content and a weak soil structure. In this study, we have demonstrated that the use of no-tillage and the suppression of long-fallowing may lead to an increase in soil aggregation and structural stability in these agroecosystems. In semiarid regions, where rainfall and consequently soil water content is the most limiting factor for crop production, an improvement in aggregate stability and soil structure may lead to better water infiltration and retention in the soil profile and ultimately to better crop yields. b NT, no-tillage; RT, reduced tillage; CT conventional tillage.
c Different lower case letters indicate significant differences among tillage treatments within the same cropping system (P < 0.05). Different upper case letters indicate significant differences between cropping systems within the same tillage treatment (P < 0.05). Table 5 .
Tillage and cropping system effects on total soil organic carbon, 1-2 mm aggregate organic C, microbial biomass C and soil water content at the soil surface (0-5 cm depth), for the whole study b NT, no-tillage; RT, reduced tillage; CT conventional tillage.
c Different lower case letters indicate significant differences among tillage treatments within the same cropping system (P < 0.05). Different upper case letters indicate significant differences between cropping systems within the same tillage treatment (P < 0.05). 
